Exosomes are small membrane vesicles released by many cells. These vesicles can mediate cellular communications by transmitting active molecules including long non-coding RNAs (lncRNAs). In this study, our aim was to identify a panel of lncRNAs in serum exosomes for the diagnosis and recurrence prediction of bladder cancer (BC). The expressions of 11 candidate lncRNAs in exosome were investigated in training set (n = 200) and an independent validation set (n = 320) via quantitative real-time PCR. A three-lncRNA panel (PCAT-1, UBC1 and SNHG16) was finally identified by multivariate logistic regression model to provide high diagnostic accuracy for BC with an area under the receiver-operating characteristic curve (AUC) of 0.857 and 0.826 in training set and validation set, respectively, which was significantly higher than that of urine cytology. The corresponding AUCs of this panel for patients with Ta, T1 and T2-T4 were 0.760, 0.827 and 0.878, respectively.
| INTRODUCTION
Bladder cancer (BC) is the most common carcinoma of the urinary tract, and there are approximately 80 500 new cases and 32 900 BC-related deaths in China in 2015.
1,2 Around 70% of BC patients are diagnosed as a non-muscle-invasive BC (NMIBC) characterized by a high recurrence rate, while the remaining 30% were diagnosed as a muscle-invasive BC (MIBC) with poor prognosis. 3 The standard of BC diagnosis includes cystoscopy and pathologic examination of biopsy specimens, both of which are invasive and relatively expensive. 4 Urine cytology has good sensitivity for detection of high-grade bladder tumours, but it unfits for low-grade disease, and the recognition accuracy is highly dependent on the expertise of the pathologist. 5 Additionally, current biomarkers, such as nuclear matrix protein 22 (NMP22), bladder tumour antigen and cytokeratin, have limited utility in the early examination of BC due to the lack of diagnostic sensitivity and specificity. 6 Therefore, it is imperative to develop new biomarkers with high sensitivity and specificity for the diagnosis of BC.
Long non-coding RNAs (lncRNAs) are a class of transcripts longer than 200 nucleotides with limited protein coding potential. 7, 8 Accumulating evidences show that lncRNAs are involved in tumour initiation and progression through regulating associated gene expressions at the transcriptional, 9,10 posttranscriptional, 11, 12 or epigenetic levels. 13, 14 The aberrant lncRNAs have been reported as potential markers for diagnosis and prognosis of cancers. For example, increased expression of ZEB1-AS1 promotes tumour metastasis and predicts poor prognosis in hepatocellular carcinoma, 15 while overexpression of CRNDE-h has been proposed as a potential novel molecular marker for colorectal cancer. 16 These studies indicate that lncRNAs can serve as minimally invasive biomarkers of diagnosis and prognosis in different tumours.
Exosomes (70-120 nm) are endosome-derived microvesicles that are secreted from many cell types and involved in intercellular communication by transmitting intracellular cargoes, such as proteins, lipids and nucleic acids, including lncRNA. 17 Studies have suggested that exosomes secreted from tumour tissues or cells can be transferred to the circulation through various model systems. 18 Certain lncRNAs within exosomes have been described as candidate biomarkers in some tumours. For instance, lncARSR (lncRNA activated in RCC with sunitinib resistance) is highly expressed in patients with renal cancer, and it is correlated with clinically poor response to sunitinib. 19 Plasma lncRNA00152 is protected by exosomes as a potential stable biomarker for gastric cancer. 20 These findings suggest the potential application of these exosomal lncRNAs as biomarkers for the detection of malignant tumours. However, circulating exosomal lncRNAs have not been well evaluated as biomarkers for diagnosis or monitoring of BC.
Based on above-mentioned findings, we evaluated the serum exosomal expressions of 11 lncRNAs (PCAT-1, SPRY4-IT1, MALAT1,   UCA1, TUG1, UBC1, GHET1, H19, SNHG16, MEG3 and BC039493) which have been previously reported to be differently expressed in BC tissues. Data showed that three potential lncRNA markers were significantly up-regulated in BC serum exosomes. Next, a panel consisting of these three lncRNAs was constructed to assess its diagnostic performance in BC, and the correlations between the expressions of three lncRNAs and clinicopathological features and prognosis of BC were further verified.
| MATERIALS AND METHODS

| Collection of serum samples
All serum samples were collected from Qilu Hospital of Shandong University, and informed consent was obtained from every partici- A total of 520 serum samples were collected, including 260 healthy serum samples and 260 BC serum samples. Serum was collected within 2 hours from coagulation-promoting vacuum tubes and sequentially centrifuged at 1200 g for 5 minutes and then 9600 g for 5 minutes at 4°C to remove the cell debris. Subsequently, the supernatants were aliquoted into RNase-free Eppendorf tubes and stored at −80°C prior to further analysis.
Non-muscle-invasive BC patients were followed up every 3 months during the first 2 years and then every 6 months thereafter. The date of the latest record retrieved was 20 June 2016. The median follow-up time was 62.5 months (range: 5-76 months). In addition, 10 BC patients were excluded due to incomplete follow-up information.
| Urine cytology
Urine samples were collected before cystoscopic examination and any other treatments, and centrifuged at 1300 g for 10 minutes. The sediments were used for cytological analysis, and the diagnosis was confirmed by two cytopathologists.
| Exosome isolation
After serum sample was collected as referred above, 63 μL ExoQuick ™ solution (EXOQ5A-1; SBI System Biosciences, USA) was mixed well with 250 μL supernatant, followed by 30 minutes of ZHANG ET AL.
| 1397 incubation at 4°C. Subsequently, the mixture was centrifuged twice at 4°C (1500 g for 30 minutes and 1500 g for 5 minutes), and supernatants were discarded. The exosome pellets were resuspended in 50 μL PBS and stored at −80°C prior to further analysis.
| Transmission electron microscopy
Isolated exosomes were first resuspended in PBS, and then a 15 μL aliquot was absorbed onto carbon-coated Cu grids for 1 minute.
Subsequently, the grids were dyed using 15 μL of 2.0% uranyl acetate for 1 minute and allowed to dry for 15 minutes. The morphology of isolated exosomes was identified by transmission electron microscopy (TEM; G2 spititi FEI; Tecnai).
| Nanoparticle tracking analysis
Absolute size distribution and concentration of exosomes were determined using nanoparticle tracking analysis (NTA). Exosomes were diluted with PBS (1:1000) and mixed well, then the diluted exosomes were injected into the ZETASIZER Nano series-Nano-ZS instrument (Malvern, UK), and particles were automatically tracked and sized based on Brownian motion and the diffusion coefficient.
NTA was performed under conditions of 25 frames/s and measurement time of 60 seconds. The detection threshold was similar in all the samples.
| Western blotting analysis
Total exosome protein was extracted with RIPA extraction reagent 
| RNA extraction and reverse transcription
Total RNA was extracted from exosome and exosome-depleted supernatant (EDS) using miRNeasyMicro Kit (Qiagen). Concentration and integrity of total RNA were evaluated using NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Purified RNA was reversely transcribed into cDNA using the Table S2 lists the primer sequences used in this study. Briefly, after an initial denaturation step at 95°C
for 30 seconds, amplifications were carried out with 42 cycles at a melting temperature of 95°C for 5 seconds and an annealing temperature of 60°C for 30 seconds. All experiments were conducted in triplicate, and no-template controls were included in each run. The specificity of amplicons was confirmed by melting curve analysis.
GAPDH was used as a reference gene. The relative expression levels of target genes were calculated using the 2 −ΔΔCT method. 
| Statistical analysis
| RESULTS
| Characterisation of purified serum exosomes
Exosomes are characterized by their conserved size and density as well as the presence of specific protein markers. To ensure that isolated exosomes from serum were recovered and intact, TEM was used to confirm the morphology of exosomes, which should be revealed as spherical vesicles with double layer membrane structure and diameters about 100 nm ( Figure 1A ). Western blotting analysis was used to examine the expressions of exosomal markers at the protein level. CD9 and TSG101 could be detected in the exosome samples but not in the EDS ( Figure 1B) . NTA showed the size distribution of exosomes ( Figure 1C ). Taken together, these results suggested that exosomes were successfully isolated from serum.
| LncRNA marker identification from serum exosomes using a three-step study
To define BC-associated lncRNA markers, we devised and carried out a three-step case-control strategy. In step I, we selected 11 lncRNAs (PCAT-1, SPRY4-IT1, MALAT1, UCA1, TUG1, UBC1, GHET1, H19, SNHG16, MEG3 and BC039493) as candidate targets, which have been previously reported to be differently expressed in BC tissues. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In step II, we quantified the expressions of 11 candidate lncRNAs from serum exosomes in 50 BC patients and 50 controls using the qRT-PCR. The result revealed that three (PCAT-1, UBC1 and SNHG16) of the 11 lncRNAs had a statistically increased expression in BC patients compared with the healthy donors (Table S3) . To further validate these three lncRNAs identified in step II, we carried out the step III analysis by qRT-PCR in an additional 50 BC cases and 50 healthy controls. Consequently, we found that the expressions of these three lncRNAs were also significantly higher in BC serum exosomes compared with the healthy controls (Fig- ure 2A-C, Table 1 ). We defined these 200 samples tested in step II and step III as the training set.
| Characterisation of identified three serum exosomal lncRNAs
To confirm whether serum lncRNAs were exclusively distributed into exosomes just like microRNAs, 31 we compared the expression levels of three lncRNAs between exosome and EDS. The result showed that the expressions of PCAT-1, UBC1 and SNHG16 in exosomes were higher than those in EDS ( Figure 3A ). Our finding demonstrated that lncRNAs in serum were distributed mainly in the exosomes.
Next, we investigated the stability of exosomal lncRNAs. The expression levels of lncRNAs in exosomes remained unchanged upon RNase A treatment ( Figure 3B ). In room-temperature incubation test, the exosome aliquots were maintained at room temperature for 0, 6, 12 and 24 hours. No significant changes were found for the expressions of three lncRNAs and GAPDH at different time-points (Figure 3C-F) . Taken together, these results indicated that the three lncRNAs mainly existed in exosomes, and exosomes were the main factor for protecting serum lncRNAs. We further analysed the expression levels of the three lncRNAs using an independent validation cohort, including 160 BC patients and 160 healthy controls. In this assessment analysis, the expressions of three lncRNAs in the validation set were consistent with those in the training set (Table 1 , Figure S1A -C). The AUC of the lncRNA panel was 0.826 (95% CI: 0.780-0.866, sensitivity = 80.00%, specificity = 75%, Figure 4E ). Using samples in the validation set, we compared the diagnostic efficacy of the three-lncRNA panel with urine cytology. The AUC values of our three-lncRNA panel were markedly higher than those of urine cytology (0.574, 95% CI: 0.432-0.708) when discriminating BC patients from healthy controls (Figure 4E) . Additionally, ROC curves also showed that this panel was sensitive and specific to distinguish Ta, T1 and T2-T4 from healthy controls ( Figure 4F ). Overall, our results indicated that the three-lncRNA panel was able to differentiate BC cases from healthy controls with an excellent accuracy, suggesting its potential to be a better biomarker for BC diagnosis than urine cytology.
|
| Diagnostic performance of the three lncRNAs in distinguishing MIBC from NMIBC
Methods to identify NMIBC and MIBC patients have previously relied on conventional histopathologic evaluation. These histopathologic features have failed to properly risk stratify these patients. 32 Therefore, to determine whether the expression levels of three lncRNA were related to BC progression, we analysed the association between these three lncRNAs and clinicopathological status in BC patients of validation set. Table 2 and Figure 5A ,B shows that UBC1 and SNHG16 were significantly up-regulated in MIBC and correlated with tumourous invasion (P = 0.009 and P = 0.0009, respectively). The corresponding AUCs of such two lncRNAs were 0.637 and 0.659, respectively ( Figure 5C,D) . In addition, statistical analysis also represented a moderate correlation between UBC1 expression and lymph node metastasis (P = 0.005), and higher PCAT-1 level was correlated with higher tumour grade (P = 0.01) ( Table 2 ).
However, no significant associations were found between the three exosomal lncRNAs and age or sex.
| Correlation between the expression levels of three lncRNAs and prognosis of NMIBC patients
Non-muscle-invasive BC is characterized by the frequent recurrence;
therefore, cystoscopic surveillance is essential after tumour resection, intravesical prophylaxis or treatment and during the maintenance prophylaxis period. 33 However, cystoscopy is invasive and relatively expensive. Thus, we aimed to further examine whether the expression levels of these three lncRNAs were correlated with the recurrence of NMIBC as effective non-invasive biomarkers, which might The Kaplan-Meier analysis revealed that high UBC1 expression in serum exosomes was significantly correlated with a reduced RFS compared with those with low UBC1 expression in NMIBC patients (n = 74) (P = 0.01; Figure 6A ). However, the expression levels of PCAT-1 and SNHG16 had no correlation with RFS ( Figure S2A,B) .
Moreover, univariate and multivariate Cox regression analyses showed that UBC1 expression (P = 0.018) and tumour stage (P = 0.035) were independent prognostic factors for RFS of NMIBC (Table 3 ). These data suggested that high UBC1 expression in serum exosome was correlated with RFS in NMIBC patients.
| DISCUSSION
In the present study, we identified three up-regulated serum exosomal lncRNAs (PCAT-1, UBC1 and SNHG16) in BC and further ROC curve analysis using UBC1 and SNHG16 for MIBCs vs NMIBCs. **P < 0.01, ***P < 0.001 designed a three-lncRNA panel as a novel diagnostic biomarker for BC based on a multivariate logistic regression model. Moreover, this panel was significantly superior to traditional urine cytology in terms of diagnostic accuracy. In addition, our data proved that these lncRNAs in serum were mainly stored in the exosomes. Among these three lncRNAs, UBC1 and SNHG16 could be used to distinguish MIBC from NMIBC. UBC1 was also identified as an independent prognostic factor for RFS in NMIBC. These results suggested that serum exosomal lncRNAs could be used as an easier and faster non-invasive approach for diagnosis and recurrence prediction of BC.
Liquid biopsy has been reported to be more convenient and has higher sensitivity for cancer diagnosis compared with traditional imaging and biopsy strategies. 34 As a promising alternative to liquid biopsy, tumour-derived circulating exosomes have intrigued increasing interest in non-invasive cancer diagnosis and monitoring of treatment response. 35 Previous studies have shown that exosomes contain proteins, miRNAs and lncRNAs. 36 LncRNAs can be protected by exosomes from degradation in the circulation, and they are useful for cancer diagnosis at the early stage. 37 For instance, lncRNA-p21 in exosomes may help distinguish prostate cancer from benign disease. 38 Our previous study has revealed that serum exosomal lncRNA CRNDE-h can be used as a novel biomarker for diagnosis and prognosis of colorectal cancer. 39 However, little is known about possible application of circulating exosomal lncRNAs in BC. For this reason, we firstly confirmed the high purity and enrichment of exosomes in serum of BC patients by using TEM and Western blotting.
Then we compared the expressions of serum exosomal lncRNAs between BC patients and healthy controls for the first time and identified three significantly up-regulated lncRNAs (PCAT-1, UBC1 and SNHG16) from 11 candidate lncRNAs. We established a diagnostic panel based on these three lncRNAs by logistic regression, which was able to differentiate BC cases from healthy controls with an excellent accuracy and might be a better biomarker than urine cytology. In addition, we clarified that these three lncRNAs were mainly stored in serum exosomes and had significant higher levels than those in the EDS. Moreover, we evaluated the stability of the three exosomal lncRNAs, and the results indicated that these lncRNAs were still stable when incubated for long time at room tem- acts as a negative prognostic factor for lymph node metastasis In this study, we also investigated the association between these three lncRNAs and the recurrence of NMIBC. The KaplanMeier analysis revealed that high UBC1 expression was associated with a higher recurrence rate in NMIBC. Furthermore, univariate and multivariate Cox model analyses confirmed that UBC1 was an independent risk factor for RFS in NMIBC. Collectively, we, for the first time, indicated that exosomal UBC1 was a useful prognostic biomarker to help identify patients with a higher risk of NMIBC recurrence.
Although we constructed a promising three-lncRNA panel for BC diagnosis, there were some limitations in our study. The study was 
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